showed that such myeloid populations from IRF8 −/− mice exhibit similar characteristics to MDSCs from tumor-bearing mice. Third, in a reciprocal fashion, we showed that enforced expression of IRF8 in the myeloid system significantly mitigates tumor-induced MDSC accumulation and improves immunotherapy efficacy. Altogether, these observations support the hypothesis that IRF8 is an integral negative regulator of MDSC biology.
Introduction
Patients with a variety of cancer types exhibit high circulating levels of myeloid populations, including those of the neutrophil series, including polymorphonuclear (PMN) neutrophils, myeloid-derived suppressor cells (MDSCs), and even progenitor-like populations, such as granulocyte-monocyte progenitors (GMPs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In fact, a recent seminal review concluded that among a wide range of potential cell-based biomarkers examined, the one that Abstract Perturbations in myeloid cell differentiation are common in neoplasia, culminating in immature populations known as myeloid-derived suppressor cells (MDSCs). MDSCs favor tumor progression due to their ability to suppress host immunity or promote invasion and metastasis. They are thought to originate from the bone marrow as a result of exposure to stromal-or circulating tumor-derived factors (TDFs). Although great interest has been placed on understanding how MDSCs function, less is known regarding how MDSCs develop at a transcriptional level. Our work explores the premise that MDSCs arise because cancer cells, through the production of certain TDFs, inhibit the expression of interferon regulatory factor-8 (IRF8) that is ordinarily essential for controlling fundamental properties of myeloid cell differentiation. Our interest in IRF8 has been based on the following rationale. First, it is wellrecognized that IRF8 is a 'master regulator' of normal myelopoiesis, critical not only for producing monocytes, dendritic cells (DCs), and neutrophils, but also for controlling the balance of all three major myeloid cell types. This became quite evident in IRF8 −/− mice, whereby the loss of IRF8 leads to a disproportionate accumulation of neutrophils at the expense of monocytes and DCs. Second, we 1 3 most associated with poor clinical response in patients with diverse solid malignancies was a high blood neutrophil to lymphocyte ratio [11] . Such myeloid populations are thought to aid tumor progression for multiple reasons, including their ability to suppress innate and adaptive immunity, and promote angiogenesis, invasion, and metastasis [1] [2] [3] [4] [5] . It is thought that these myeloid populations expand or acquire pro-tumor capabilities as a result of exposure to stromal-or circulating tumor-derived factors (TDFs). While there is strong consensus in the field that these myeloid populations are tumor-supportive, less is known about where and how they develop in the first place. Therefore, understanding the molecular bases by which neoplasia compromises myelopoiesis offers potentially new insights into the design or use of therapies that require an intact myeloid system. Thus, the goal of our work has been to build on an understanding of how neoplasia impairs myelopoiesis with a focus on the generation of MDSCs.
MDSCs comprise two major subsets: monocytic or polymorphonuclear (M-MDSC or PMN-MDSC, respectively), and over the last several years have attracted immense interest in the fields of cancer immunology and immunotherapy because they are highly protumorigenic [1] [2] [3] [4] [5] 12] . Intriguingly, the PMN-MDSC subset predominates in many tumor settings [1, 2, 4, 7, 10, [13] [14] [15] ; yet, the mechanisms behind this MDSC subset bias have remained unclear. In general, in tumor-bearing hosts, dendritic cell (DC) differentiation is also disrupted, an observation underscored by Gabrilovich and colleagues [2, 16] and later by other laboratories [17] [18] [19] . Thus, myeloid differentiation in cancer is redirected from DCs to MDSCs, likely due to alterations in transcriptional networks. Our laboratory has focused on this facet of MDSC biology and recently identified previously unrecognized roles for interferon regulatory factor-8 (IRF8) in tumor-mediated MDSC production, especially of the PMN-MDSC subset. We also found that STAT3-activating cytokines known to facilitate PMN-MDSC production (such as granulocyte-colony stimulating factor; G-CSF) can inhibit IRF8 expression, thus establishing a novel STAT3-IRF8 axis in both IRF8 and MDSC biology [4, 10, 13, 18, [20] [21] [22] [23] [24] [25] . These findings also provided a molecular underpinning for the importance of STATs, particularly STAT3, in MDSC biology [2] [3] [4] [5] 12] .
IRF8 is a well-recognized 'master regulator' of normal myelopoiesis, critical not only for producing lineagecommitted monocytes, DCs and neutrophils, but also for controlling the balance of these major myeloid subsets [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . This became quite evident in IRF8 −/− mice [26, 35] , as well as more recently in humans harboring a mutation in IRF8 [36, 37] , whereby IRF8 loss led to a substantial and disproportionate accumulation of neutrophils at the expense of monocytes and DCs. Moreover, similar myeloid phenotypes are observed in mouse tumor models and cancer patients [2, [16] [17] [18] [19] , although the basis for this myeloid imbalance has remained poorly understood. Because of the unique role that IRF8 plays in myelopoiesis and the fact that PMN-MDSCs are a dominant MDSC subset, we have been testing the hypothesis that tumor-induced downregulation of IRF8 underlies a novel molecular basis for the robust PMN-MDSC response. Our more recent work is focusing on the precise origin of the PMN-MDSC response, with emphasis on the relevant myeloid progenitor stage(s) within the bone marrow. Altogether, we posit that myeloid cell skewing toward MDSCs, particularly the PMN-MDSC subset, is a result of dysregulation of IRF8 and/or its downstream targets. We believe that these advances will offer new insights into how to abrogate the MDSC response in cancer.
IRF8 is a negative regulator of MDSC production
The following is a synopsis of major findings from our work. We have been operating on the premise that disruption of the myeloid response in cancer is a critical reason that limits the potency of active or passive immunotherapies, which require competent antigen-presenting cells (APCs) for induction or maintenance of antitumor immunity. A key element of our work is defining transcriptional networks that ultimately impact the nature of the myeloid response in such cancer settings, with emphasis on IRF8 in MDSC-tumor biology. Altogether, we identified a previously unrecognized role for IRF8 in tumor-mediated MDSC production. The next section will provide a brief overview of IRF8 in myelopoiesis, followed by its novel role in MDSC biology.
IRF8 biology
IRF8 is a member of the interferon regulatory factor family of transcription factors, which is largely restricted to cells of the myeloid and lymphoid lineages, mainly monocytes/ macrophages, certain DC subsets, and B cells [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Structurally, IRF8 is a 48-kD, 424 amino acid protein comprising two major elements, a well-conserved N-terminal DNA binding motif and a more variable C-terminal IRF association domain that enables interactions with other transcription factors, notably IRF-1, IRF-2, IRF-4, or PU.1. In the nucleus, such IRF8 heterocomplexes either activate or repress gene transcription by binding to specific DNA elements within the responsive promoter regions.
Within the myeloid lineage, steady-state IRF8 expression functions as a positive regulator for monocytes and DCs (particularly the CD8α, plasmacytoid and CD103 + subsets), whereas it conversely acts as a negative regulator of granulocyte differentiation, namely, neutrophils. IRF8 expression is thought to emerge at the granulocyte-monocyte progenitor (GMP) stage, which constitutes the branching point between monocytes/DCs and granulocyte differentiation. IRF8 expression then steadily rises during lineage commitment to monocytes/DCs and declines during lineage commitment to neutrophils. The mechanisms which govern IRF8 up or downregulation during normal myelopoiesis, however, remain unclear. Nonetheless, these observations have been elegantly unveiled and reinforced in IRF8 −/− mice, which display significant alterations in myelopoiesis with marked increases in the proportion of neutrophils at the expense of monocytes (mainly Ly6C + ) and several DC subsets, namely, plasmacytoid, CD8α + and CD103 + , as noted earlier. The precise mechanisms by which IRF8 act downstream to regulate myeloid differentiation and lineage commitment is still a very active area of investigation. Several seminal observations have revealed that IRF8 impacts the expression or function of integral genes associated with monocyte or neutrophil differentiation, such as KLF4 or C/EBPα, respectively [38, 39] .
IRF8 expression in causally linked to MDSC development
We first demonstrated that IRF8 expression was significantly depressed in both MDSC subsets of tumor-bearing mice. However, IRF8 loss seemed to have a greater impact on the PMN-MDSC subset. This was based on the finding that IRF8 loss strongly favored the expansion of PMN-MDSCs [10] , which is consistent with the role of IRF8 in myeloid differentiation [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Using a global IRF8
−/− mouse model as a loss-of-function approach, we found that IRF8 deficiency led to a robust accumulation of MDSC-like cells that were heavily neutrophilic and mimicked what was observed in mammary tumor-bearing mice. This was observed at phenotypic and functional levels, as well as by differential gene expression analysis, wherein the gene expression profile of IRF8 −/− mice resembled tumorinduced MDSCs significantly more so than the wild-type (WT) counterparts. Using a novel genetic gain-of-function approach, we showed that enforced IRF8 overexpression (using a CD11b-driven transgenic mouse model) reduced tumor-induced MDSC accumulation in the periphery and tumor tissue and significantly improved responses to second therapies, such as CTLA-4 blockade (described further below). Interestingly, although IRF8 overexpression reduced peripheral MDSC load (particularly the PMN-MDSC subset), the remaining MDSCs were still suppressive; thus, IRF8 seemed to exert a more profound impact on MDSCs at a quantitative level.
Next, we sought to extend our preclinical findings in mammary tumor models to breast cancer patients [10] . Similar to earlier reports reflecting various solid tumor types [4, 10, 13, 18, [20] [21] [22] [23] [24] [25] , we observed a significant increase in the percentage of MDSCs compared to healthy donor controls. Moreover, we found that high circulating MDSC percentages in patients with stage III/IV breast cancer at diagnosis predicted a poorer outcome. Surprisingly, no significant difference in IRF8 expression was observed between healthy donors and patients. However, when the patient IRF8 data were plotted in relation to their corresponding cell percentages, we observed a significant negative correlation between these two parameters. In contrast, no inverse correlation was observed with the controls. Taken collectively, these data support the hypothesis that MDSC frequency or expansion is IRF8-dependent and that higher MDSC frequencies coincide with poorer patient outcomes.
IRF8 downregulation in tumor-bearing hosts using a novel IRF8 reporter mouse model
Here, we made use a newly developed IRF8-EGFP reporter mouse [40] to verify IRF8 downregulation in tumor-bearing hosts. The mouse model was originally developed by Wang et al. [40] using a knock-in strategy, wherein the stop codon of exon 9 of the mouse IRF8 locus was replaced with an EGFP sequence that resulted in the production of an IRF8-EGFP fusion protein under the control of endogenous IRF8 regulatory elements. EGFP could be tracked in progeny under homozygous or heterozygous breeding conditions. The knock-in did not alter IRF8 biology, as myeloid differentiation or function remained intact [40] . IRF8 was expressed in the expected myeloid subsets of the bone marrow and peripheral hematopoietic compartments [40] . We observed no adverse hematologic effects in the peripheral blood, based on analyses of WBCs, RBCs, and platelets relative to the WT controls. Importantly, our data confirmed that IRF8 expression, as measured by changes in EGFP levels, was diminished in tumor-driven MDSCs or G-CSF-induced MDSCs (Fig. 1) ; albeit, this effect was more pronounced in the PMN-MDSC subset.
IRF8 expression is regulated by a novel STAT3-dependent pathway
A number of studies, including our work [4, 10, 13, 18, [20] [21] [22] [23] [24] [25] and those elsewhere [2] [3] [4] [5] 12] , had established that tumor-derived G-CSF can drive PMN-MDSC production. Furthermore, it is well known that a major proximal target of G-CSF-mediated signaling is STAT3 activation [41, 42] and that STAT3 activation is important for MDSC accumulation [2] [3] [4] [5] 12] . Our findings described above demonstrated that tumor-induced IRF8 downregulation promotes PMN-MDSC accumulation. Thus, a gap remained in our understanding of how IRF8 might be regulated. Based on this knowledge, we hypothesized that tumor-induced IRF8 downregulation occurred through an STAT3-dependent interaction.
To test this hypothesis, we made use of recombinant G-CSF protein as a tool to activate STAT3, followed by its effects on IRF8 expression. We found that G-CSF treatment of normal bone-marrow-derived CD11b + Gr-1 + cells in vitro rapidly reduced IRF8 expression, which was prevented using a selective STAT3 inhibitor, thereby unmasking an inverse link between STAT3 activity and IRF8 expression. Chromatin immunoprecipitation assays revealed direct interactions between activated STAT3 with IRF8 at the promoter level in response G-CSF treatment [10] . Altogether, these data provided evidence for a previously undescribed STAT3-IRF8 axis in IRF8 and myeloid biology, and that IRF8 represented a downstream target of STAT3.
IRF8 enhancement improves antitumor responses to second therapies
While MDSC load was reduced in IRF8-transgenic mice compared to WT mice, primary tumor growth was similar between both genotypes. We reasoned that despite the decrease in MDSC burden, the decrease was still above a biologic threshold to translate to effects on tumor growth. To test that notion, we added a therapeutic intervention to either further reduce PMN-MDSC burden (i.e., anti-Ly6G mAb) or potentiate T cell immunity (i.e., anti-CTLA-4 mAb). Indeed, we found that tumor growth in IRF8-transgenic mice was now significantly reduced compared to WT mice, demonstrating that IRF8 enhancement was bioactive and improved responses to a second therapy. Intriguingly, we showed that IRF8 overexpression (in the absence of a second therapy) significantly reduced spontaneous metastasis in both 4T1 orthotopic and PyMT-MMTV autochthonous tumor models [10] . Future studies are warranted to investigate in detail whether IRF8-mediated effects on spontaneous metastasis are dependent upon the adaptive immune response. Nonetheless, these data further showed that IRF8 was bioactive and, in some cancer settings, was sufficient to act alone to impact immune surveillance. The precise mechanisms underlying these anti-metastatic effects, however, require further study.
Where and how does IRF8 act downstream to impact PMN-MDSC production?
Although we identified a potential mechanism that regulates IRF8 expression, it still remains unclear what genes IRF8 regulates downstream to impact PMN-MDSC production. One approach to address this gap is to borrow knowledge from the field of 'emergency' granulopoiesis [42, 43] . Indeed, tumor-induced PMN-MDSC accumulation is now thought to be akin to the process of emergency granulopoiesis. Therefore, knowledge in this field may provide important insights into the identity of IRF8-regulated gene targets in PMN-MDSC biology. We [4, 10, 13, 18, [20] [21] [22] [23] [24] [25] and other groups [2] [3] [4] [5] 12] have now shown that G-CSF is produced in copious amounts by certain solid cancer types and, as an integral myelopoietic growth factor, can drive PMN-MDSC accumulation. Intriguingly, the characteristics of the resulting tumor-induced PMN-MDSC response are phenotypically, functionally, and molecularly similar to that induced by recombinant G-CSF administration [13] , a pharmacologic mimic of emergency granulopoiesis [42, 43] . Thus, the transcriptional mechanisms which govern emergency granulopoiesis are seemingly homologous to those seen in PMN-MDSC-tumor biology.
Since emergency granulopoiesis is a process initiated at a progenitor level, we hypothesize that bone-marrow GMPs represent a significant source of PMN-MDSCs and that their development in cancer is regulated by IRF8. Recent data in our laboratory support this hypothesis and demonstrate that GMPs significantly expand in cancer models, just as effectively as the administration of G-CSF protein (Fig. 2) (unpublished observations) . We observed similar findings in IRF8 −/− mice ( Fig. 2) (unpublished observations), suggesting that IRF8 acts at a myeloid progenitor level, such as the GMP stage to ultimately direct the PMN-MDSC response. Thus, in cancers, where PMNMDSCs dominate, we posit that aphysiologic levels of STAT3-activating TDFs (i.e., G-CSF and others) engage various myeloid progenitors, including the GMPs (Fig. 3) . 
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Immune Suppression Angiogenesis Fig. 3 Model for the regulation of IRF8 in GMPs as an important molecular event underlying PMN-MDSC development. STAT3-activating TDFs (several of which are shown and are indicated by blue dots) circulate in the blood, then enter and permeate the bone marrow microenvironment to induce PMN-MDSCs by inhibiting IRF8 expression at the GMP stage. Exposure of GMPs to such TDFs not only expands the GMP pool, but skews myeloid differentiation toward a robust granulocytic response by ensuring that IRF8 levels remain low or downregulated (shown by the relative IRF8 gradient). This does not rule out the possibility that PMN-MDSCs may also emerge at earlier (e.g., HSC hematopoietic progenitor cells, CMP common myeloid progenitor cells) or later myeloid progenitor stages. In addition to IRF8, a number of other transcription factors (examples are shown) have been implicated in PMN-MDSC development/expansion. Although their precise relationship with IRF8 remains unresolved, it is known that C/EBPβ is a target of STAT3, while RORC1 may be a putative target of STAT3 signaling based on its role in emergency granulopoiesis (denoted by the dashed red line). Our model further posits that such molecular interactions converge at the GMP stage, although such interactions may occur at other progenitor stages as well. Once PMN-MDSCs accumulate in the periphery, they traffic to the tumor microenvironment, where they aid neoplastic growth through immune system-dependent (i.e., immune suppression) or independent mechanisms (i.e., angiogenesis). Pink cells broadly indicate other stromal cells of the tumor microenvironment Activated STAT3 protein then translocates to the nucleus where it signals to either inhibit IRF8 expression or prevent its induction, thereby shunting or fueling differentiation toward PMN-MDSCs. The major function of IRF8 in myeloid differentiation was long thought to occur at the GMP stage [26, 27, 29, 35] , a bifurcation point that oversees the production and, very importantly, the balance of monocytes/DCs vs. granulocytes, as described earlier. Detailed flow cytometric analyses reveal that IRF8 expression levels begin to emerge at the GMP stage [40] . Thus, the production of PMN-MDSCs in tumor-bearing hosts may culminate from their selective expansion from the GMP stage. This will ensure that myeloid differentiation will be directed toward a robust granulocytic response. This does not preclude the possibility that PMN-MDSCs may also emerge at earlier or later progenitor stages.
There is compelling data that G-CSF engagement promotes STAT3 phosphorylation, which in turn drives CCAAT/enhancer binding protein (C/EBP)-β transcription, a master regulator of emergency granulopoiesis [42] [43] [44] (in contrast, C/EBPα expression is required for steady-state granulopoiesis). Transcription of C/EBPβ then in cooperation with STAT3 drives MYC expression, which enables accelerated cell cycle progression, leading to increased neutrophil output. Both STAT3 and C/EBPβ expressions have been shown to be major players of PMN-MDSC formation, consistent with the notion that PMN-MDSC accumulation is a consequence of emergency granulopoiesis. Indeed, work by Bronte and colleagues has defined a link between STAT3 and C/EBPβ expression [45] , while our laboratory demonstrated a link between STAT3 and IRF8 expression [10] (Fig. 3) . Moreover, studies by Sica and colleagues [46] recently reported a novel role for the retinoic-acid-related orphan receptor protein, termed RORC1, in tumor-induced MDSC development (Fig. 3) . RORC1 deficiency in the hematopoietic system abrogated MDSC development, including PMN-MDSC frequencies. Additional studies revealed that RORC1 positively regulated C/ EBPβ expression and negatively regulated SOCS3 (suppressor of cytokine signaling-3) and Bcl3 expression, all players important for ensuring emergency or G-CSFinduced granulopoiesis. Finally, studies by Du and colleagues [47] previously identified an unrecognized role for the peroxisome proliferator-activated receptor-γ (PPARγ) in the expansion of MDSCs, including PMN-MDSCs (termed CD11b + Ly6G + in that study) and various myeloid progenitors within the bone marrow. While several studies have now individually identified critical transcription factors and other molecules underlying PMN-MDSC development/ expansion, what remains unresolved is the precise molecular relationship between IRF8 with C/EBPβ, RORC1, and/ or PPARγ (and perhaps others) and whether these interactions selectively or preferentially occur in GMPs or other earlier/later stage myeloid progenitors. Indeed, future work is warranted to unravel these and other molecular interactions during coordination and oversight not only of the PMN-MDSC response, but also of the M-MDSC response.
Conclusions and future directions
In summary, our findings showed that IRF8 is an integral negative regulator of MDSCs, particularly of the PMN-MDSC subset, providing new insights into the fields of both IRF8 and MDSC biology (see model in Fig. 3) . Using an IRF8
−/− mouse model, we demonstrated that peripheral myeloid populations exhibited strikingly similar phenotypic, functional, and molecular features of PMN-MDSCs from tumor-bearing mice. Conversely, using a novel genetic gain-of-function approach produced in our laboratory, we showed that enforced IRF8 expression significantly mitigated PMN-MDSC accumulation in tumor-bearing mice and improved immunotherapeutic efficacy. Finally, the inverse relationship between IRF8 levels and MDSC frequency was observed in breast cancer patients, but not healthy controls.
Our work and those of other laboratories clearly provide the rationale to target MDSCs for therapeutic purposes [48] . While numerous approaches have been presented in the field, we would like to emphasize two of them as they relate to the concepts underscored in this review. The first approach is the induction phase, which is based on the intent to neutralize TDFs (e.g., G-CSF) that drive MDSC generation. The idea of blocking pathologic levels of physiologically relevant growth factors is conceptually analogous to those medical interventions that target circulating levels of TNF, for example, in autoimmune pathologies, such as rheumatoid arthritis or Crohn's disease. In the tumor setting, this approach reflects the notion that if MDSCs are separated from their microenvironments, those typically rich in MDSC-sustaining growth factors, they rapidly differentiate or die in vitro. Thus, in vivo-based approaches, such as cytokine blockade, which separate MDSCs from their cognate survival/growth factors, are likely to impair MDSC viability and/or their persistence. The second approach is the bioactive phase, which is based on the intent to treat MDSCs as a myeloproliferative disorder, such as acute promyelocytic leukemia, and enforce their differentiation from immature to mature phenotypes using compounds, such as all-trans-retinoic acid (ATRA) [48] [49] [50] [51] . It is interesting to speculate that such compounds may facilitate myeloid differentiation through regulating IRF8, either directly or indirectly. Nonetheless, targeting mechanisms of MDSC generation or MDSC differentiation represent sound strategies that will likely enhance immune surveillance or the efficacy of immunotherapies that require an intact myeloid system.
